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ABSTRACT
Electromagnetically induced transparency (EIT) is generation of a narrow
window in which electromagnetic field absorption is inhibited. Experimen-
tally, a probe tuned to a certain absorption wavelength is allowed to transmit
through a gaseous vapor only in the presence of a second control laser. In
other words, a probe is forbidden to cause an excitation from one energy
level to another through coherent coupling with a third, intermediate energy
level that creates an interference pathway. In this study, Brillouin scatter-
ing analogue of EIT is demonstrated using the two optical modes that are
coupled through a phase matched acoustic mode. The coherent coupling of
two energy levels is emulated by the acousto-optic interaction of Brillouin
scattering. The probe phase response is analyzed to estimate BSIT’s effect
on the velocity of light pulse. As BSIT modifies the dispersion of light, it
is understood as either slowing or advancing light propagation depending on
the sign of the slope of the probe phase response. Lastly, the non-reciprocity
of Brillouin scattering is theoretically considered. The non-reciprocity, or a
break in time reversal symmetry, is a unique property of Brillouin scattering
process due to the traveling surface acoustic wave which is used for phase
matching the optical modes. Therefore, BSIT can be used for applications
such as optical isolation while no other transparency systems can.
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CHAPTER 1
INTRODUCTION
To understand Brillouin scattering induced transparency (BSIT), necessary
background on Brillouin scattering and electromagnetically induced trans-
parency (EIT) are provided in this chapter.
1.1 Motivation
The initial motivation for our project on BSIT was to explore a mechanism
(i.e. Brillouin scattering) with which the transparency phenomena have been
considered infeasible. Induced transparency using Brillouin scattering is dif-
ficult to achieve because of the long coherence phonon lifetime required for
the transparency. However, we show that a high coherence phonon mode of
forward Brillouin scattering can enable the transparency phenomena.
After our first experiment, it was realized that this BSIT system is also
suitable for slow and fast light generation. Using a high quality factor mi-
crosphere resonator, our BSIT system was able to achieve the comparable
time delay and bandwidth with only a fraction of laser power and device size
(Table 3.1).
Lastly, the non-reciprocity of Brillouin scattering can be used for creating
a non-magnetic optical isolator. Optical isolators are essential components in
many optical systems for protecting laser sources and components vulnerable
to backscattered or reflected light fields. Up to date, all optical isolators
were based on the principles of Faraday rotation which describes a dielectric
material’s phenomenon that rotates the light polarization non-reciprocally
based on an applied magnetic field. Therefore, we propose that our new
optical isolator design based on BSIT may be useful in applications where
the use of magnetic fields is difficult or prohibited.
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1.2 Brillouin Scattering
In general, light scattering occurs due to some fluctuation in the propagation
medium. For instance, Rayleigh scattering and Mie scattering are caused
from the fluctuation in density, and Raman scattering is caused from the
molecular vibration. Brillouin scattering is caused from the interaction of
light and acoustic waves (acousto-optic interaction).
1.2.1 Spontaneous and Stimulated Brillouin Scattering
Spontaneous Brillouin scattering process starts when light interacts with the
refractive index perturbations that are caused by the presence of an acous-
tic wave within a medium [1]. The spatio-temporal beat of the incident
and scattered light fields then create a periodic variation in refractive index
through electrostriction pressure, which is a property of a dielectric material
to become more dense under electromagnetic field. In the case that light
is scattered to lower frequencies (i.e. Stokes scattering), the electrostriction
pressure imparts energy to the sound wave. On the other hand, for anti-
Stokes scattering, energy is removed from the sound wave, leading to cooling
and linewidth broadening [2]. By definition, Brillouin scattering is considered
spontaneous when the material property can be assumed to be unchanged
from the incident light. However, when sufficient input laser power is pro-
vided, the Stokes scattering process can overcome all intrinsic losses, resulting
in the formation of a Brillouin laser through Stimulated Brillouin Scattering
(SBS) [1, 3].
1.2.2 Phase Matching
As shown in Fig. 1.2, for both forward scattering and back-scattering, very
specific energy conservation (Eq. 1.2) and momentum conservation (Eq. 1.1)
requirements must be satisfied for Brillouin scattering processes to take place
(i.e. phase matching).
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Figure 1.1: Brillouin scattering occurs due to the acoustic wave that creates
a refractive index perturbations within the medium. For spontaneous
Brillouin scattering, light field creates only a small change in material
property. However, when the incident light field exceeds the threshold
power, stimulated Brillouin scattering occurs and the acoustic wave is
reinforced. In other words, Brillouin gain overcomes the optical loss from
the material. The direction of scattered field propagation is not necessarily
forwards as illustrated, but can be in any direction.
~k2 − ~k1 = ~qB (1.1)
ω2 − ω1 = ΩB (1.2)
In a back-scattering SBS system, the optical fields propagate in opposite
directions. Since the frequencies, ω1 and ω2, are nearly identical, the optical
momentum vectors, ~k1 and ~k2, are also nearly identical, but have opposite
signs (propagating in the opposite direction). Thus, acoustic momentum
vector, ~qB, is about double the length of the optical momentum vector to
satisfy Eq. 1.1 and 1.2 as shown in Fig. 1.2b and 1.3b. This implies the
generation of acoustic waves in the tens of GHz frequency regime, depending
on the laser frequency, ω, refractive index, n, and speed of sound in the
material, v (Eq. 1.3) [1]. In case of silicon dioxide excited with a 193 THz
(1550 nm) laser, the Brillouin frequency is 11 GHz (v = 5700 m/s, n = 1.5).
ΩB =
2v
c/n
ω (1.3)
In a forward-SBS system, the momentum vectors of the incident and scat-
tered light are nearly identical with the same sign (propagating in the same
direction) as shown in Fig. 1.2a. Hence, the acoustic momentum vector is
very small and the frequency is typically in a sub-GHz (Eq. 1.4).
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~qB =
ΩB
~v
(1.4)
At such low frequency, the phonon lifetimes are significantly longer than
that of the acoustic mode from back-scattering.
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Figure 1.2: a. Phase matching for forward Brillouin scattering. The
co-propagating optical fields are phase matched by a low frequency acoustic
mode, qB. (Top) Input laser field kp can scatter to a anti-Stokes field kas
and annihilate acoustic field qB, i.e. cooling. (Bottom) When the laser is
parked at the high frequency mode, the input laser field kp can scatter to a
Stokes field ks and reinforce acoustic field qB, i.e. heating. b. Phase
matching for backward Brillouin scattering. The counter propagating
optical fields, kp and ks, are phase matched by a high frequency acoustic
mode, qB. The input laser field kp scatters in the backward direction to a
Stokes field ks and high frequency acoustic field qB is launched.
1.3 Electromagnetically Induced Transparency
Electromagnetically induced transparency (EIT) is described as an inhibited
absorption of electromagnetic field within an atomic absorption line. Typi-
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Figure 1.3: Dispersion diagrams. When the control laser is parked at high
frequency optical mode, (ω2, k2), Stokes scattered light is generated at low
frequency optical mode, (ω1, k1). For Stokes scattering, the frequencies and
wave vectors of the two optical modes and an intermediate acoustic mode
must satisfy the condition, k2 − k1 = qB and ω2 − ω1 = ΩB. (left)
Forward-SBS system. (right) Backward-SBS system.
cally, an electromagnetic field tuned to an absorption line will be absorbed
to the material and excite an electron to the higher state. In EIT, a strong
electromagnetic field (control laser) is set at a frequency matching the transi-
tion from an intermediate state to the excited state (|2>-|3> transition from
Fig. 1.5a). In effect, the control laser enables an indirect transition pathway
for a weak electromagnetic field (probe laser). Then, the destructive inter-
ference of the direct and indirect transition pathways takes place and reveals
itself as an induced transparency (Fig. 1.4b). Here, it is important to note
that the two energy levels must be coherently coupled with sufficient coupling
rate (Rabi frequency) for the noticeable effect in the absorption line.
Experimentally, EIT was first observed by Boller et. al. in an absorption
line of strontium [4]. In the energy level diagram of strontium (Fig. 1.5a), a
lambda type system with energy levels and transition pathways suitable for
interference is shown. In the presence of the strong control laser tuned to
|2>-|3> transition, the direct probe transition |1>-|3> and the indirect probe
transition |1>-|3>-|2>-|3> have opposite signs of probability amplitude and
thus destructively interfere. An illustration of probe transmission signal is
shown in Fig. 1.5b.
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Figure 1.4: a. Probe signal is absorbed without the control laser. In other
words, the medium is opaque at the probe frequency. b. Probe at the
absorption frequency is allowed to transmit through the medium when the
control laser creates two transition pathways for the probe.
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Figure 1.5: a. Lambda type energy level diagram of strontium. b. (Blue)
Probe transmission showing an absorption line without EIT. (Red) In the
presence of the control laser, induced transparency is observed within the
absorption line.
1.4 Induced Transparency in Other Systems
Since the first demonstration of induced transparency in 1991 [4], there have
been several successful attempts to emulate analogous phenomenon in other
systems. Zhang et. al. theoretically suggested induced transparency in
plasmonic system [5] and Liu et. al. carried out the experiment [6]. In
this plasmonic system, two non-radiative mode coupled with a superradi-
ant mode form an EIT-like resonance with a narrow region of destructive
interference. Smith et. al. demonstrated induced transparency using two
coupled resonators [7]. In the coupled resonator system, the light traveling
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within only one resonator and the light that traveled through the second res-
onator are allowed to destructively interfere as the phase shift is introduced
from the light coupling to another resonator. Weis et. al. demonstrated
optomechanically induced transparency using an optical microcavity [8] and
Safavi-Naeini et. al. using optomechanical crystal nanocavity [9]. In both
optomechanical analogue of EIT, the two optical fields are coupled through
an acoustic excitation and annihilation. This acoustic excitation and anni-
hilation process creates a second transition pathway similar to the indirect
transition pathway of EIT.
Brillouin scattering has been considered infeasible for induced transparency
because the coherence of the phonon mode in backward-SBS is very low.
However, Bahl et. al. demonstrated Brillouin cooling in which the high co-
herence phonon mode of forward anti-Stokes scattering was explored [2]. In
this work, induced transparency is demonstrated using the high coherence
phonon mode of the forward anti-Stokes scattering identical to Brillouin cool-
ing demonstration.
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CHAPTER 2
BRILLOUIN SCATTERING INDUCED
TRANSPARENCY
With a necessary background on Brillouin scattering and EIT, the theoreti-
cal description and experimental result of Brillouin scattering induced trans-
parency (BSIT) is presented in this chapter. Just like EIT, BSIT is observed
as a small window of inhibited absorption within an optical resonance. The
key difference is that the phase matched set of optical and acoustic modes of
a resonator is used instead of an atomic excitation.
2.1 Energy Level Analogy of Brillouin Scattering
A 3-level lambda system analogy to EIT (Fig. 1.5a) can be made in the case
of BSIT as shown in Fig. 2.1. Here, the optical mode (ω1, k1) is represented as
an absorption transition |1>-|e>. For our BSIT experiment (Fig. 2.1a), the
control laser is parked at the low frequency optical mode |2>-|e> while the
probe laser is parked at the high frequency optical mode |1>-|e>. The sepa-
ration of the two optical modes in a frequency space is defined by the acoustic
frequency of Brillouin scattering, ~ΩB. Although light cannot directly scat-
ter from |1> to |2> or vice versa, the two levels are coherently coupled via
Brillouin scattering. With the coupling established, the probe transition
through the direct path |1>-|e> interferes with the indirect transition path
|1>-|e>-|2>-|e>. This interference results in the inhibited absorption.
Similarly, Stokes scattering is represented using energy level diagram in
Fig. 2.1b. In this case, the constructive interference causes increased absorp-
tion into the optical mode as will be shown in Ch. 2.4.3.
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Figure 2.1: Energy level analogy for Brillouin scattering systema.
Energy level with transition pathways for anti-Stokes scattering. Control
laser is parked at the lower frequency transition |2>-|e> where |e> is a
virtual level. b. Energy level with transition pathways for Stokes scattering.
Control laser is now parked at higher frequency transition |1>-|e>.
2.2 Requirement for Observation of Brillouin
Scattering Induced Transparency
The generation of BSIT requires a 3-mode system composed of two optical
modes and one long-lived acoustic mode forming an aforementioned energy
level analogue of EIT. Here, the long-lived acoustic mode allows sufficient
coupling between the two optical modes before decoherence. Phase-matching
of these modes in both frequency space and momentum space is essential as
illustrated in Fig. 1.3. Notably, the momentum requirement is not needed
for other transparency mechanisms [4, 8, 9, 10, 11]. As mentioned previously,
in BSIT, the energies and momenta of these three modes must be matched
to satisfy ω2 − ω1 = ΩB and k2 − k1 = qB simultaneously. Here, (ω1, k1)
are the energy and momentum of the lower energy optical mode, (ω2, k2)
represent the higher energy optical mode, and (ΩB, qB) represent the acoustic
mode. The coupling between the three modes is mediated by electrostrictive
Brillouin scattering. Previous work has shown that such instances of both
forward- and backward-SBS phase matching can occur naturally within a
microresonator [2, 12, 13, 14].
Consider the situation where a strong laser pumps the lower energy optical
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mode (ω1, k1) while a weaker tunable probe measures the higher energy op-
tical mode (ω2, k2) of the coupled system (Fig. 2.1a). When the anti-Stokes
probe signal is tuned to a resonator mode, it couples strongly to the resonator
and generates a well understood opacity in the waveguide (Fig. 2.2,bottom)
[15]. Further, in the presence of Brillouin phase match of the strong control
laser and the anti-Stokes probe with a long lived phonon mode in the same
medium, the probe is expected to undergo very strong resonant absorption
into the control signal (Fig. 2.2,top) [16]. Intuitively, these two cascaded
stages of absorption should lead to near-complete removal of the probe light
from the system. As shown in this BSIT system, the intuition breaks down,
and instead of strong absorption of the anti-Stokes probe, an interference is
generated between the Stokes-directed absorption and anti-Stokes-directed
scattering pathways. This results in a previously unforeseen transparency at
the probe frequency ωp = ωc + ΩB and the probe no longer couples into the
resonator optical mode (Fig. 2.2).
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Figure 2.2: The control laser pumps the lower frequency optical mode to
allow anti-Stokes scattering while the resonator suppresses Stokes scattering
[2]. (Bottom) A probe laser scans through the optical resonances, visible as
a drop in waveguide transmission [15]. (Top) From traditional SBS theory
[1] anti-Stokes absorption is predicted for a probe signal at ωp = ωc + ΩB,
which intuitively should increase the probe loss. However, when (ΩB, qB)
represent a long lived phonon mode, a transparency is observed due to
interference between Stokes and anti-Stokes scattering pathways.
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2.3 Methodology
2.3.1 Fabrication of Tapered Coupler and Resonator
A tapered coupler is fabricated to provide a means to couple light in and out
of the resonator. First demonstrated by J. C. Knight, the tapered coupler is a
technique based on the principles of evanescent light coupling [17]. Compared
to other light coupling techniques such as freespace coupling [18] or prism
coupling [19], tapered coupler is more easily fabricated and maneuvered while
still allowing high coupling efficiency. The tapered coupler is fabricated by
applying high heat to the fiber using hydrogen flame and simultaneously
applying tension by pulling both ends of the fiber (Fig. 2.3). Using this
technique, a single mode fiber with outside diameter of 125 µm (Corning
SMF-28e+ fiber [20]) is scaled down to sub-µm in diameter. When the
diameter of the fiber is smaller than the wavelength of the laser, the light
can effectively couple to the resonator in proximity.
The microsphere resonator device is also fabricated using the fiber material.
The use of the same material allows efficient light coupling without a necessity
to control how much light couples from tapered coupler to the resonator and
vice versa. The resonator can be made from nearly any dielectric materials
given the optical transmission spectrum with low absorption at the laser
wavelength in use. Use of different resonator material is discussed in Ch. 5.1.
For the fabrication, the tip of the broken fiber is melted to naturally form a
sphere from surface tension. The heat is supplied by an electric arc discharge
from a fusion splicer (Ericsson FSU 975 [21]). Also, the use of broken tapered
fiber allows the fabrication of even smaller microsphere with the sub-100 µm
in diameter while still maintaining high mechanical and optical quality factor.
2.3.2 Experimental Procedure
Fig. 2.4 shows the experimental setup used in this work. An ultra-high-Q
silica microsphere resonator is evanescently coupled to a tapered silica fiber
waveguide (Fig. 2.5), that provides coupling mechanism to the intracavity
control and probe light fields. A tunable diode laser with a center wavelength
of 1550 nm provides the control field to the pump mode, while the probe sig-
nal is generated using an electro-optic modulator (EOM). While the EOM
11
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Figure 2.3: Tapered coupler fabrication. Single mode fiber is pulled in
opposite direction while heat from hydrogen flame is applied. The resonator
is coupled by placing the tapered coupler in proximity (Fig. 2.5b).
creates two probe sidebands relative to the control laser, only one sideband
is matched to the anti-Stokes optical mode of the device. The other (Stokes)
sideband does not couple to the resonator and passes through the system un-
hindered at constant amplitude. The probe sideband spacing is determined
by a modulation signal input to the EOM that is generated by a network
analyzer. The transmitted optical signal at the output of the waveguide is
received by a highspeed photodetector (Newport Model 1601 [22]), which re-
sults in an electronic output beat note between the control and probe optical
signals. This electronic output is analyzed by an electrical spectrum ana-
lyzer (Tektronix RSA6120A [23]) as well as the network analyzer (Agilent
4395A [24]) for probe transfer function analysis. When the higher energy
optical mode is pumped above threshold (in the absence of a probe), the
electronic beat note between the pump and scattered light generated on a
photodetector can be used to distinguish the Brillouin scattering [2, 12] from
radiation pressure induced optomechanical oscillation [25].
2.4 Experimental Result
2.4.1 Verification of Brillouin Phase Matching
First task is to find a set of optical modes and an acoustic mode that fulfills
the phase matching (Eq. 1.1 and 1.2) and allows the Brillouin scattering. Fol-
lowing the procedure from Ch. 2.3.2, the Brillouin phase matching is verified
by the lack of harmonics from the beat note between the pump and scattered
light. The beat notes generated from the two sets of optical fields used for
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Figure 2.4: Experimental setup. Fiber coupled tunable diode laser sends
the control laser signal through a tapered waveguide. Network analyzer
provides probe frequency to the electro-optic modulator which creates a
probe signal from the control laser. Photodetector (PD) monitors the signal
transmission at the waveguide output and the electronic signal is analyzed
using both network analyzer and electrical spectrum analyzer. FPC is fiber
polarization controller.
a. b.
Figure 2.5: Microscope images of resonator a. Resonator is uncoupled
from tapered coupler. b. Resonator is coupled to tapered coupler. The
distance between the resonator and tapered coupler can range between
in-contact to tens of nm.
induced transparency and absorption experiments are shown in Fig. 2.6.
13
200 400 600 800 1000 1200−70
−60
−50
−40
−30
−20
Frequency (MHz)
P
ho
to
de
te
ct
or
ou
tp
ut
 s
pe
ct
ru
m
 (d
B
m
)
No harmonics
˖B= 349 MHz
100 200 300 400 500
−80
−70
−60
−50
Frequency (MHz)
P
ho
to
de
te
ct
or
ou
tp
ut
 s
pe
ct
ru
m
 (d
B
m
)
No harmonics
˖B= 199 MHz
a. b.
Figure 2.6: Verification of Brillouin phase matching through
Brillouin lasing. a. When the (ω2, k2) mode is pumped with a strong
laser source, a Stokes SBS laser is generated [12]. When the Stokes
scattered and pump light are interfered on a photodetector, a beat note
corresponding to their frequency difference, ΩB, is measured. The lack of
harmonics of ΩB indicates that this is not a radiation pressure induced
optomechanical oscillation. This is from induced transparency data. b.
Brillouin lasing for induced absorption experiment (Ch. 2.4.3).
2.4.2 Induced Transparency
When the optical and acoustic modes are identified, the induced transparency
experiment is carried out as described in Ch. 2.3.2. First, the control laser
is parked at the lower optical resonance and a probe signal on the higher
resonance. Then, it leads to destructive interference for a probe signal and
generates a transparency window (Fig. 2.7a). The measured amplitude re-
sponse of the probe laser in Fig. 2.7a shows the relatively broad 4.4 MHz
wide anti-Stokes optical mode with optical quality factor of 4.4 × 107. A
very sharp transparency feature at 349.3 MHz offset from the control laser
is observed in both amplitude and phase responses of the probe (Fig. 2.7).
This 349.3 MHz frequency corresponds to a whispering-gallery acoustic wave
mode [12] of the resonator with azimuthal mode number of 48 and phonon
lifetime of 59.2 µs.
2.4.3 Induced Absorption
If the control optical signal is tuned to the higher energy optical resonance,
it creates a region of greater opacity for a probe on the lower energy optical
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Figure 2.7: Observation of BSIT a. Transparency is observed for a probe
on (ω2, k2) when a strong pump is placed at (ω1, k1). (Solid) Probe laser
amplitude response. (Red-dashed) Curve fit to the (ω2, k2) optical mode. b.
Probe phase response with distorted dispersion within the transparency.
mode (Fig. 2.8a). Due to thermal effects on the optical resonance frequencies,
it was technically more convenient to demonstrate opacity with a different
forward-SBS triplet on the same resonator where ΩB= 199.8 MHz (phonon
lifetime of 56.2 µs). The amplitude response of the probe laser in Fig. 2.8a
shows the 0.4 MHz wide Stokes optical mode with optical quality factor of
4.9 × 108. An opacity with a 17.8 kHz linewidth is induced at 199.8 MHz
offset from the pump.
2.5 Theoretical Derivation
In addition to the intuitive explanation, the induced transparency and ab-
sorption equations are rigorously derived here.
2.5.1 Induced Transparency
For the analytical description of Brillouin scattering induced transparency
(BSIT), the mathematical formalism established by Agarwal and Jha is
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Figure 2.8: Observation of induced absorption. a. In the configuration
shown in Fig. 2.1b, the probe experiences an opacity at ΩB offset from the
control laser. (Solid) Amplitude response of the probe laser. (Red-dashed)
Curve fit to the (ω1, k1) optical mode. e. Probe phase response with
distortion within the transparency. The observed phase data shows a
change in slope that is opposite from that of the induced transparency
phase data.
adopted [26]. The intracavity fields representing the pump/control laser,
anti-Stokes shifted probe, and acoustic displacement can be described using
the following three coupled rate equations.
a˙1 = −κ1a1 − i∆1a1 − iβ∗u∗a2e−iδt
a˙2 = −κ2a2 − i∆2a2 − iβua1eiδt
u˙ = −ΓBu− i∆Bu− iβ∗a∗1a2e−iδt
(2.1)
δ = ω2 − ω1 − ΩB
∆1 = ω1 − ωc
∆2 = ω2 − ωp
∆B = ΩB − (ωp − ωc)
(2.2)
where a1, a2, and u are the slowly varying phasor amplitudes of intracavity
control field, scattered light field and mechanical displacement respectively,
16
Pump mode, ω1
Pump mode
detuning, Δ1
An-Stokes mode
detuning, δ
Control laser, ωc
Probe laser, ωp
An-Stokes mode, ω2
Opcal mode separaon
Fixed Brillouin phase match frequency, ΩB
Optical
frequency
Modulaon frequency
Pump mode, ω2
Pump mode
detuning, Δ2
Stokes mode
detuning, δ
Control laser, ωc
Probe laser, ωp
Stokes mode, ω1
Opcal mode separaon
Fixed Brillouin phase match frequency, ΩB
Optical
frequency
Modulaon frequency
St
ok
es
 S
ca
tt
er
in
g
An
ti-
St
ok
es
 S
ca
tt
er
in
g
Figure 2.9: Optical frequency relationship f the coupled triplet system for
transparency experiment using anti-Stokes scattering. The pump mode is
at lower frequency than the anti-Stokes mode. When the modulation
frequency sweeps over the fixed Brillouin phase match frequency, ΩB, the
transparency is observed in the probe response.
κ1 and κ2 are optical loss rates of pump mode and anti-Stokes mode respec-
tively, ΓB is acoustic loss rate, and β is the coupling coefficient accounting
for modal overlap and Brillouin gain in the material. The frequencies ω1, ω2,
and ΩB represent the pump optical resonance, anti-Stokes optical resonance,
Brillouin acoustic resonance, while ωc, and ωp represent the control laser field
and probe laser field respectively. δ, ∆1, ∆2, and ∆B are the pump mode
to anti-Stokes mode detuning from the acoustic mode, pump mode detuning
from the control laser, anti-Stokes mode detuning from the probe laser, and
the modulation frequency detuning from the acoustic mode respectively.
Details on the evaluation of detuning parameters and the coupling param-
eter β are provided in [26]. For phase matching, the frequency relationship
ω2 = ω1 + ΩB must be satisfied. Momentum matching is implicit in the
complex phasors that represent the fields.
For the induced transparency experiment, the system at steady state is
analyzed, thus setting all derivatives to zero. Additional intracavity control
field fc and probe field fp terms are added on the right-hand-side as shown
in eqns. 2.3. For further simplification, the optical loss rates κ1 and κ2 are
assumed nearly identical (new symbol κ). Finally, the non-depleted pump
field approximation eliminates the coupling term from the first equation.
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Figure 2.10: Theoretical prediction of amplitude and phase
responses for induced transparency. a. Probe field when measured
inside the cavity. b. Probe field transmitted and measured at the
photodetector. The phase response of intracavity probe field is inverted as
the light evanescently coupl back to the waveguide and mix with the part
of probe field that was reflected from the cavity.
Then, the following simplified system can be obtained.
0 = −γ1a1 + fc
0 = −γ2a2 − iβua1eiδt + fp
0 = −γBu− iβ∗a∗1a2e−iδt
(2.3)
where
γ1 = κ+ i∆1
γ2 = κ+ i∆2
γB = ΓB + i∆B
(2.4)
The system of equations Eq. 2.3 can then be solved to produce the steady
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state amplitudes of the fields:
a1 =
fc
γ1
(2.5)
a2 =
fpγB
γ2γB + |β|2|a1|2 (2.6)
u =
−iβ∗a∗1a2e−iδt
γB
(2.7)
The control laser (Eq. 2.5) excites the system, while the probe laser, described
by Eq. 2.6, sweeps through the anti-Stokes optical mode of interest and
experiences the induced transparency. The intracavity probe field transfer
function is illustrated in Fig. 2.10a.
Note that the phase response of the probe within the cavity is in agreement
with the results from previous SBS demonstrations, that is to say an anti-
Stokes probe experiences a fast light response. However, the opposite result
(slow light) is observed when monitoring the probe field in the waveguide
(A2 = RFp + iTa2). Here, the input probe laser field is related to input
intracavity field as Fp = −ifp/T [15], while R and T are the reflection and
transmission coefficients at the coupler. As shown in Fig. 2.10b, a slow light
behavior is observed for the probe when measured in the waveguide.
2.5.2 Induced Absorption
To understand Brillouin scattering induced absorption, the process with a
Stokes probe must be considered. Here, the same set of equations used for
induced transparency is employed (Eq. 2.1), except that the roles of the
control and probe lasers are reversed. In other words, subscript 1 refers to
the Stokes probe while subscript 2 refers to the control field. Then, the
simplified system equations can be written as:
0 = −γ1a1 − iβ∗u∗a2e−iδt + fp
0 = −γ2a2 + fc
0 = −γBu− iβ∗a∗1a2e−iδt
(2.8)
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Figure 2.11: Optical frequency relationship of the coupled triplet system for
absorption experiment using Stokes scattering. Opposite to anti-Stokes
scattering case, the role of the pump and scattered modes is switched. Also,
the probe laser sweeps in the opposite direction from higher to lower
frequency.
where
γ1 = κ+ i∆1
γ2 = κ+ i∆2
γB = ΓB + i∆B
(2.9)
The frequency matching relationship between the fields is unchanged i.e.
ω2 = ω1 + ΩB. However, as illustrated in Fig. 2.11, the detuning parameters
are modified on account of the interchanged control and probe designations.
∆1 = ω1 − ωp
∆2 = ω2 − ωc
∆B = ΩB − (ωc − ωp)
(2.10)
Upon solving system of equations Eq. 2.8, the intracavity probe field is de-
scribed as
a1 =
fpγ
∗
B
γ1γ∗B − |β|2|a2|2
(2.11)
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As before, the forward probe transmission in the waveguide A1 is described
as
A1 = RFp + iTa1 . (2.12)
Again, an inversion of phase response takes place when the probe field exits
the resonator and mixes with the reflected input probe that did not couple
to the resonator (Fig. 2.12).
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Figure 2.12: Theoretical prediction of amplitude and phase
responses for induced absorption. a. Probe field when measured inside
the cavity. b. Probe field transmitted and measured at the photodetector.
The phase response of intracavity probe field is inverted as the light
evanescently couples back to the waveguide and mix with the part of probe
field that was reflected from the cavity.
2.6 Tuning Optical Mode
Although phase matching (Eq. 1.1 and 1.2) imposes strict constraints on the
optical signal frequencies in the BSIT process, the transparency can be tuned
by either slightly modifying the pump frequency within its optical mode, or
thermally tuning the optical modes themselves (Fig. 2.13). The tuning of
optical mode is also revealed from the Eq. 2.6 by modifying the detuning,
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ω2 − ω1 − ΩB (Fig. 2.14). Furthermore, the transparency depth and width
can be controlled [2, 27] through the control laser power. Such frequency
tunability and the ability to switch the transparency on and off are desirable
in several applications [28, 29].
  
  
  
  
  
Frequency offset from control laser (MHz)
140 142 144 146 148
Figure 2.13: Tuning optical modes. Tuning the control laser frequency
causes a relative detuning of the anti-Stokes optical mode while the
transparency remains at a fixed frequency offset, ΩB In this example, a SBS
triplet with ΩB= 143.7 MHz is used.
2.7 Strong Coupling Regime
When the coupling rate is comparable to the optical loss rate |β||a1| ≈ κ,
the system enters the strong coupling regime [30]. In the strong coupling
regime, a mode split is observed such that an optical resonance at the original
frequency is completely removed. Instead, two new optical resonances which
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Figure 2.14: Theoretical modeling through Eq. 2.6 shows the stationary
transparency at ΩB while the anti-Stokes optical mode is tuned through the
control laser frequency. This is consistent with experimental result from
Fig. 2.13.
can be tuned using the coupling rate are observed.
Experimentally, the control field a1 is used to manipulate the coupling
rate. The coupling coefficient β can be held constant as it is defined by
the optical modes only. In Fig. 2.15 and 2.16, the progression of the mode
split with increasing control laser power is shown. Here, the strong coupling
regime could be reached with only 40 µW of dropped input optical power.
The optical loss rate κ=4.4 MHz and acoustic loss rate ΓB=16.9 kHz are
extracted from the experimental data.
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Figure 2.15: Increasing the control laser power increases the coupling rate,
|β||a1|, and the coupling rate increases the amplitude of the transparency
peak. Past the strong coupling regime, the mode splitting occurs.
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Figure 2.16: The change in phase response with increasing control laser
power.
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CHAPTER 3
SLOW AND FAST LIGHT
The ability to control group velocity of light is useful in several applications
including optical buffering [31], optical signal processing, and optical data
storage [32]. For instance, optical buffer is essential in optical fiber network
as a pulse or packet of data can only be processed one at a time. Here, optical
buffer is necessary to slow down a pulse in order to prevent the unwanted
merging or crosstalk of the optical data. Optical signal processing and data
storage are also attracting more interest as the optical transistor has been
demonstrated [33] and research on optical computing is starting to emerge.
In this chapter, mechanisms of delaying light pulse and how light dispersion
is modified from BSIT process are explained.
3.1 Background
3.1.1 Group Velocity and Group Index
In the context of slow and fast light, it is the velocity of light “pulse” that is
being modulated as oppose to the speed of light. The speed of light pulse is
governed by the group index of a medium in which the light travels through.
In other words, the group velocity, vg, is determined by the group index, ng
as shown in Eq. 3.1. Therefore, the dispersion, dn/dω, must be modified to
control the velocity of light pulses (Eq. 3.2).
vg =
c
ng
(3.1)
ng = n+ ω
dn
dω
(3.2)
In essence, light pulse can be slowed down with positive valued dispersion
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and “superluminal” speed (i.e. fast light) can be achieved with negative
valued dispersion.
3.1.2 Methods of Generating of Slow and Fast Light
Resonances generate rapid changes in phase response of an optical system
which can be understood as either slow or fast light depending on the sign
of the phase slope (Fig. 3.1). There are many mechanisms that create such
resonances. EIT and optomechanically induced transparency creates a trans-
mission signal similar to BSIT and can be used for generating slow and fast
light [9, 34]. Spectral hole burning effect through coherent parametric oscil-
lations creates a narrow window of increased transmission, which results in
slow light [35, 36]. Also, there has been demonstration of using metamaterial
to engineer refractive index and generate slow light [37].
3.1.3 Kramers-Kronig Relations
Kramers-Kronig relation describes a transformation (Hilbert transform) of
real to imaginary parts and vice versa of a complex function under the as-
sumption of causality [38]. Therefore, the dispersion can be retrieved from
just the transmission or absorption spectrum using the Hilbert transform.
For a complex function defined as Z(ω) = A(ω) + iB(ω), the Hilbert trans-
form, H, relates the real and imaginary parts in the following way.
A(ω) = H(B(Ω)) =
1
pi
∫ ∞
−∞
B(Ω)
ω − ΩdΩ
B(ω) = −H(A(Ω)) = − 1
pi
∫ ∞
−∞
A(Ω)
ω − ΩdΩ
(3.3)
Based on the resonance shape from Fig. 3.1a, it is shown that a narrow
resonance feature is necessary to acquire a large dispersion, |dn/dω|, and
increased slow and fast light time. In case of BSIT, the linewidth of trans-
parency peak is narrow (17 kHz) which makes BSIT an ideal system for
generating slow light.
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Figure 3.1: a. An example transmission signal with resonance dip. b. The
refractive index calculated using the Hilbert transform of the transmission
signal. c. The slope of the refractive index, i.e. dispersion. The positive
value of group index indicates the generation of slow light.
3.2 Interpretation of Phase Response
To estimate how much group delay τg can be achieved (in units of seconds),
we use Eq. 3.4.
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τg =
dφ
dω
(3.4)
where φ is phase response and ω is frequency. Using this relationship, the
phase data from the induced transparency and absorption can be further
analyzed.
3.2.1 Slow Light
In Eq. 3.4, positive τg represents an optical delay and a negative value rep-
resents an optical advancement. Therefore, the rapidly changing phase re-
sponse feature with a positive slope corresponds to a very low group velocity
for the optical probe i.e. “slow light”[9, 39]. The probe time delay of 110 µs
is estimated from the phase response (Fig. 3.2).
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Figure 3.2: a. Probe phase response from induced transparency is shown.
b. Additional probe group delay is generated compared to the transmission
time without BSIT. 1 µW of laser power is used to generate time delay of
110 µs.
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3.2.2 Fast Light
On the other hand, the probe phase response with a negative slope corre-
sponds to a “fast light” dispersion feature. Based on the phase response
slope, additional 35 µs fast light time advancement is estimated (Fig. 3.3).
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Figure 3.3: a. Probe phase response from induced opacity is shown. b.
Probe time advancement is shown compared to the transmission time
without Brillouin scattering induced opacity. Time advancement of 35 µs is
demonstrated using 380 nW of control laser power.
3.3 Comparison of BSIT Based Slow Light with
Previous Demonstrations
The typical figure of merit reported in slow and fast light systems is the prod-
uct of group delay and bandwidth. However, the delay-bandwidth product in
SBS systems can be arbitrarily increased within technical limits by increasing
the control laser power and waveguide length [40, 41, 42, 43]. It is noted that
both laser power and device size are engineering-related constraints that must
be budgeted wisely. This is critically important in on-chip devices where the
laser power budgets are extremely small and kilometer-long waveguides (as
in fiber SBS systems) are simply impractical.
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Thus, in order to make a fair comparison between different SBS based
systems, a figure of merit that normalizes the effects of control laser power
and device length is suggested as follows.
FoM =
τgΓB
IcL
(3.5)
where τg is group delay, ΓB is bandwidth, Ic is laser power, and L is device
length. In other words, this FoM is simply a calculation of the intrinsic
Brillouin gain in the system. By performing this normalization, a measure of
the efficiency of the system for obtaining a certain delay-bandwidth product
is found.
BSIT experimental data is compared against previous SBS slow light re-
ports in Table 3.1. The resonator circumference is used as the device length L
to compare our system against linear systems. It is shown that BSIT system
provides a τgΓB product that is comparable to all previous demonstrations
(order-of-magnitude is 1). In terms of the new FoM, however, our system
provides a τgΓB product with 5 orders-of-magnitude lower power × length
product than the next nearest system. This enormous engineering advantage
makes our system particularly well-suited for on-chip SBS slow light systems.
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CHAPTER 4
PROPOSAL FOR BRILLOUIN
SCATTERING OPTICAL ISOLATOR
An optical isolator is a device that allows light to propagate in only one
direction. In many cases, the backscattered or reflected light can create noise
or instability, or cause damage to the optical components such as a laser.
All optical isolators currently available utilize the Faraday rotator media,
which rotates the polarization of light in a non-reciprocal manner [47]. The
challenge of using Faraday effect based optical isolator arises in applications
where magnetic fields are to be avoided. Therefore, a new optical isolator
design is proposed in this chapter.
4.1 Background on Faraday Optical Isolator
The optical isolator is a directional filter that blocks light based on the propa-
gation direction. Since there is no difference in characteristic of light traveling
in the opposite direction, the polarization of light is modified based on the
propagation direction first using the principle of Faraday effect. The Faraday
effect describes a dielectric material’s tendency to rotates the light polariza-
tion non-reciprocally given a magnetic field across the medium. In other
words, two light fields traveling across the Faraday rotator in an opposite
direction experience the rotation in the same direction. Therefore, if light
field travels across the Faraday rotator and reflects or scatters back to its
original location, the polarization will not be identical to the initial polariza-
tion. By using two birefringent media or polarization filters before and after
the Faraday rotator to refract and separate light with different polarization,
the light may be allowed to travel only in one direction (Fig. 4.1).
Faraday rotator requires a biasing magnetic field to generate such an opti-
cal behavior. Therefore, an optical isolator typically houses a strong magnet.
This is acceptable in many applications, but a magnet is difficult to integrate
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onto an optical circuit as magnet has to be bonded onto the device [48].
Therefore, a non-magnetic isolator is desirable for on-chip implementation
and other applications that limits the use of magnet or magnetic field within
a system.
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Figure 4.1: Light path and light polarization changes within an optical
isolator. (Top) The reflected laser field does not travel back to the initial
position of the forward propagating laser field. (Bottom) Unlike the
half-wave plate, which rotates the polarization of light symmetrically, the
Faraday rotator rotates the polarization non-reciprocally depending on the
direction of light propagation.
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4.2 Non-reciprocity in Brillouin Scattering
Brillouin scattering is non-reciprocal system due to the uni-directional nature
of the traveling surface acoustic wave employed. In the omega-k diagram, the
scattering pathway is supported by the optical mode in the forward direction.
However, there is no optical mode separated by the acoustic parameters in
both anti-Stokes and Stokes scattering frequencies in the backward direction
(Fig. 4.2). This break in symmetry creates a non-reciprocity which is used
for optical isolation.
qB
Frequency
ΩB
(ω1, k1)
(ω2, k2)
Momentum
vector
ForwardBackward
Figure 4.2: Omega-k diagram showing phase matching for forward and
backward propagating optical field. (ω1, k1) and (ω2, k2) optical modes are
separated by the acoustic parameters (ΩB, qB) in the forward direction
only.
4.3 Experimental Procedure
The proposed experimental setup for demonstration of optical isolation is
shown in Fig. 4.3. Once the Brillouin phase matched optical and acoustic
modes are identified and induced transparency is demonstrated in the forward
direction (Fig. 4.4), a second EOM is used to probe the resonator from the
backward direction (Fig. 4.5). In order to prevent from actuating the acoustic
mode in the backward direction, the bias voltage for the second EOM is
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adjusted to minimize the control or pump signal propagating in the backward
direction at the control laser frequency.
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Figure 4.3: Experimental setup for demonstration of optical isolator. In
addition to the experimental setup for BSIT (Fig. 2.4), circulators and an
EOM are used to probe the device from both forward and backward
direction.
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Figure 4.4: Optical isolator experiment showing forward probing. The
optical isolator is switched on using the laser signal going forward direction.
This will allow the probe signal (sideband from EOM) propagation in the
forward direction at the transparency region as shown in the inset.
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Figure 4.5: Optical isolator experiment showing backward probing. A
modulation input to the EOM in the forward direction is switched off to
transmit only the control signal. All of laser signal going in the backward
direction is modulated to the probe signal to prevent induced transparency
in the backward direction. The probe signal (sideband from EOM) is
expected to be resonantly absorbed into the resonator.
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CHAPTER 5
INTEGRATION TO OPTICAL CIRCUIT
Here, the possibility of integration to optical circuit is discussed. As men-
tioned in Ch. 4, BSIT based optical isolators have an advantage of easier
on-chip fabrication over other optical isolators which require magnetic fields.
Also, the on-chip design is preferred in order to avoid extraneous light cou-
pling for applications with limited laser power output.
5.1 Resonator and Waveguide Material
For the integration to optical circuit, the waveguide must be fabricated in
proximity of the resonator. Therefore, the material choice with consideration
for the fabrication of the resonator, waveguide and cladding is discussed here.
5.1.1 On Chip Waveguide
The microsphere resonators used in BSIT experiment are fabricated using
silicon dioxide (SiO2) due to its excellent optical transmission characteristic
in C-band (1530 to 1565 nm). In this wavelength, the optical loss is typically
less than 0.2 dB/km [20]. SiO2 is commonly used material in semiconductor
industry and therefore, is compatible with CMOS fabrication techniques [49].
The difficulty in using SiO2, however, lies in fabrication of on-chip waveguide.
The waveguide is typically made up of a core and a cladding which surrounds
the core and confines the light within the core. The cladding is required to
have the refractive index that is lower than the refractive index of the core.
This allows the light to be confined within the core by the total internal
reflection. However, the material with index lower than SiO2 (1.45) is rare
besides air or vacuum, which cannot support released structures.
A good alternative to SiO2 is silicon nitride (SiNx). SiNx is also CMOS
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fabrication compatible and is optically transparent at C-band [49, 50]. But
most importantly, SiNx has a refractive index of 1.99. Therefore, SiO2 makes
a good cladding material for SiNx core.
5.1.2 Brillouin Gain
Brillouin gain is a material property which determines the degree of ampli-
fication from Brillouin scattering. In the context of BSIT and slow light,
Brillouin gain also determines the group delay. Brillouin gain, go, is defined
in Eq. 5.1.
go =
γ2eω
2
nvc3ρoΓB
(5.1)
where go is Brillouin gain, γe is electrostrictive coefficient, ω is laser fre-
quency, n is refractive index, v is speed of sound, c is speed of light in vacuum,
ρo is material density, and ΓB is acoustic linewidth (or inverse of phonon life-
time τ = Γ−1B ) [1]. In Eq. 5.1, it is important to note that the Brillouin gain
does not have inverse relationship to the refractive index, but instead the
Brillouin gain is proportional to n7 because the electrostrictive coefficient is
proportional to n4 [51].
Therefore, the material with different values of electrostrictive coefficient
and refractive index may be explored. For instance, chalcogenide has a very
high electrostrictive coefficient which will further enhance SBS effects [52].
And there are materials with negative electrostrictive coefficient [53] which
may bring interesting applications in the future.
5.2 Fabrication of Device on Chip
5.2.1 On Chip Resonator Design
The microsphere resonator is used for demonstration of BSIT off chip. How-
ever, the fabrication of 3-dimensional structure such as a sphere is challenging
especially on-chip. Therefore, alternative options are considered here. There
are several resonator design that can be used for BSIT including disc [54],
double disc [55], ring [56], toroid [57], racetrack [58], Bragg-reflector [59],
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photonic crystal [60] and many more. Here, disc, toroid and ring resonators
are chosen and fabricated (Fig. 5.1).
Among the three designs, the disc resonator etched using hydrogen fluo-
ride (Fig. 5.1a) is the most promising for integration to optical circuit. This
wedged disc resonator design is shown to provide good optical mode confine-
ment as well as high quality factor [54]. On the other hand, the ring resonator
etched using RIE etcher has low quality factor due to the surface roughness
caused from the switching process (Fig. 5.1c, d). Lastly, the toroid resonator
lased using CO2 laser showed good device performance (Fig. 5.1b). How-
ever, the lasing process is challenging when implemented with a waveguide
in proximity of the resonator.
a. b.
c. d.
50um
50um 50um
50um
Figure 5.1: Scanning electron microscope (SEM) images of
resonators. a. Disc resonator etched using HF. Wedge is created on the
top side. b. Toroid resonator formed by heating disc resonator with CO2
laser. c. Ring resonator etched using RIE. d. Side view of the ring
resonator.
5.2.2 Fabrication Procedure
The fabrication procedure is outlined in Fig. 5.2. A silicon wafer with up to
10 µm of SiO2 grown on top is commercially available from WRS Materials.
Other resonator materials such as SiNx, gallium nitride, and many others may
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be used instead of SiO2. For the fabrication of the resonators from Fig. 5.1,
silicon wafer with 2.5 µm of thermally grown SiO2 is used. With the substrate
prepared, the resonator design is patterned on the photoresist using either
conventional photolithography or electron beam lithography for smaller, sub
micron features. The SiO2 layer is etched using reactive ion etching (RIE) or
chemically using hydrogen fluoride (HF). SiNx can be etched using RIE or
chemically using hot phosphoric acid (H3PO4). RIE etched device typically
has a vertical but rough sidewall. On the other hand, HF etched device has
slanted but relatively smooth sidewall. To release the resonator from the
silicon substrate, xenon difluoride (XeF2) etching is used. XeF2 aggressively
etches the silicon but stays relatively inert to dielectrics such as SiO2 and SiNx
(selectivity to silicon of 1:1000 or higher) [49]. This releasing or undercut
prevents the light from escaping the resonator as it forms a low index air
cladding.
After the disc resonator is fabricated, it can be heated by CO2 laser to
form a toroid resonator (Fig. 5.3). Although it is more difficult to place a
waveguide in proximity, the toroid resonator can provide higher quality factor
as the surface roughness is removed by lasing and light is better confined
within the resonator [54, 57].
a.
b.
c.
d.
Silicon Silicon dioxide Photoresist
Figure 5.2: Outline of on-chip resonator fabrication procedure. a.
Silicon wafer with SiO2 film is purchased. Oxide can also be thermally
grown on silicon wafer. b. Photoresist is spun on, patterned and developed.
c. SiO2 is etched using RIE or HF. d. Undercut is made by etching silicon
using XeF2 etcher.
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CO2 laser
Lasing Formation of toroid
Figure 5.3: Fabrication of toroid resonator. The CO2 laser provides the
heat from the top side of the disc resonator. The laser is focused such that
the beam diameter is slightly larger than the diameter of the resonator. As
the suspended region of the disc resonator melts, the material reflows and
forms a toroid. In the process, the silicon substrate acts as a heat sink to
prevent damage to the resonator.
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CHAPTER 6
CONCLUSION
In this work, induced transparency is demonstrated using SBS acousto-optic
interaction phase matched with a long-lived high-coherence phonon mode.
Brillouin scattering induced transparency (BSIT) enables slow and fast light
generation with five-orders of magnitude higher delay-bandwidth product
than state-of-the-art SBS systems of a chosen power and size budget.
There are several ways in which this work should be further pursued. First,
the operating laser wavelength may be expanded. This experiment was car-
ried out using a C-band laser (1530 to 1565 nm). However, the Brillouin
scattering process is not limited to C-band nor infrared wavelength range.
As there are optical applications that require operating wavelength of dif-
ferent wavelengths, further investigation of BSIT and optical isolation at
different wavelength is planned.
Further, the operating bandwidth of the slow light and optical isolation
is to be increased. The achieved bandwidth of 17 kHz has limited appli-
cations due to its inability to effectively process short pulses. To resolve
this issue, several solutions are considered. Poulton et. al. demonstrated
increased bandwidth in Brillouin scattering based frequency comb by engi-
neering the dispersion line of the two optical fields to match in parallel, which
theoretically allows the Brillouin phase matching to occur for all optical fre-
quencies [29]. Also, frequency dithering of the control laser is known for
increasing the bandwidth [61]. Frequency dithered input signal can excite
more than one acoustic mode at slightly different frequencies. In effect, the
operating bandwidth will be increased.
Lastly, the slow and fast light and optical isolation experiment has to be
carried out. The slow and fast light time is calculated based on the phase
response of a probing optical signal. The experiment in which a pulse is
sent and measured to show exactly how much delay can be achieved will give
a concrete proof of the BSIT slow light system. Also, the optical isolation
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experiment where the light is allowed to propagate only in one direction
should be carried out. Although the non-reciprocity in Brillouin scattering
system is well-known [62, 63], an experiment where the probe is sent from
both forward and backward direction should be performed to prove the non-
reciprocity.
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